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Abstract 
This paper addresses the structural performance assessment and control for super tall buildings during construction. 
Due to increasing structural complexity and economic investment of super tall buildings in recent years, the 
construction duration prolongs. Consequently, potential safety hazards may occur in structure when suffering from 
horizontal loads and vertical loads as well as non-loading effects in construction stage. The authors introduced 
performance based structural design (PBSD) methodology for the performance assessment and control of different 
structural states in different construction stages. The situation that the structural system will change along with the 
ongoing of construction procedure is considered. The critical issues with PBSD of super tall buildings during 
construction are fully addressed. By considering both gravity loads and lateral loads, the design criteria for 
construction stage structural systems were firstly discussed. A super tall building project was taken as an example in 
this paper to illustrate the proposed structural performance assessment during construction. It was shown that the 
proposed structural performance assessment method during construction phase is feasible and effective. It was also 
found that the arrangement of the lock-ins of outriggers for different construction stages is the key measure to control 
the performance of the mega frame outrigger corewall structures during construction. 
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1. INTRODUCTION
Super tall building constructions grow rapidly in the last several decades, and the construction duration of 
the super tall building become longer with the increase of the building height. Huge cost and high 
complexity commonly are caused by the delay of the super tall building construction, like the cases of the 
Shanghai world financial center and the Khalifa tower. The long construction period of the super tall 
building also increase the probability of the hazards. Earthquake happened during the construction of 
Taipei 101 in Taiwan and the Akashi Kaikyo bridge in Japan. The earthquake caused 5 deaths and 19 
injuries during the construction of Taipei 101 (Zhong et al. 2005), and the earthquake also changed the 
bridge span during the construction of the Akashi Kaikyo bridge. The wind load, earthquake action, 
temperature, shrinkage and creep should be carefully considered during the construction phase. The 
construction phase performance of the super tall buildings should be thoroughly assessed in the structural 
design phase. 
For super tall buildings, the structural system, material properties, loads and actions in the construction 
phase are totally different from those in the service phase. In the construction phase, the structural system 
is time varying. The structural properties, say the periods, modal shapes, damping ratios and structural 
stiffness change over time. The material properties, especially those of the RC members, also are time 
varying. The material strength and elastic modules are significantly related with the environmental 
condition, construction schedule, curing condition and construction sequence. The loads and actions of 
the structure are totally different in different construction stages.  
This paper thoroughly investigates the structural performance of the super tall buildings during 
construction. By considering the time varying properties of both the structural system and materials, the 
hazard level selection, performance level determination and the performance objectives for the 
construction phase are studied. Finally, a typical super tall project was taken as an example to illustrate 
the application of the structural performance assessment and control methods. 
2. STRUCTURAL PERFORMANCE ASSESSMENT METHODOLOGY 
2.1. Actions and loads 
The durations of the loads and actions in the construction phase are not as long as those in the service 
phase. As shown in figure 1, most projects over 250m were constructed in a 4~5 year period and the 
majority were completed in less than 10 years, except for those with financial problems. Moreover, since 
the average design reference period of buildings in service period is taken as 50 years, the hazard levels in 
construction stage could be set for the evaluation of the loads and actions, as shown in table 1. It was 
found that the probability distribution of the earthquake intensity in China satisfies the extreme ċ
distribution for the duration of 50 years (Gao and Bao 1985): 
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where w is the upper limit of the extreme III distribution, and is set as 12 for the earthquake intensity.İis
the earthquake intensity of the minor earthquake with a probability of exceedance of 63.2%. k is the shape 
factor of the earthquake intensity distribution (Wang and Yu 2002). The relationship between the 
earthquake intensity I and the ground acceleration A can be obtained using the formula (Zhou et al. 2002):  
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Based on Equations (1) and (2), the maximum acceleration of earthquake can be attained.  
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The 10 year return period wind load can be determined based on the Chinese load code. Both along wind 
and across wind should be considered for super tall buildings. The gravity loads during the construction 
phase include the dead load and live load. The dead load is composed of the self weight of the structural 
members and the scaffold, while the live load is induced by the construction equipments, workers, 
lumping materials, impact and vibration force of the concrete pouring. The concrete shrinkage, creep, 
environmental changes and the differential foundation settlement should also be considered.  
200 300 400 500 600 700 800 900
2
4
6
8
10
12
Height (m)
C
on
st
ru
ct
io
n 
D
ur
at
io
n 
(y
ea
r)
Figure 1: Construction duration for super tall buildings 
Table 1: Return periods for different hazard levels in construction stage 
Hazard levels Level 1 Level 2 Level 3 
Return periods 
(Year) 
5 10 50 
2.2. Performance levels 
The structural performance level describes the performance under specific design earthquake level. Five 
seismic performance levels, say operational, immediate occupancy, damage control, life safety and 
collapse prevention for construction stage are generally presented in Table 2.  
Table 2: Structural performance levels during the construction phase 
Performance 
levels 
Description Structural performance 
Level 1 Operational 
No permanent lateral deformation. The pre-earthquake structural 
strength and stiffness are retained. Almost no damage for the 
structural and non-structural members. The construction 
equipments remain operational. 
Level 2 
Immediate
Occupancy 
No permanent lateral deformation. The pre-earthquake structural 
strength and stiffness are retained. Limited damage with the 
structural members and non-structural members has occurred. 
The structure remains stable. The construction equipments 
remain operational. 
Level 3 Damage control 
No permanent lateral deformation. The pre-earthquake structural 
strength and stiffness are retained. Considerable damage with the 
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structural members and non-structural members has occurred. 
The structure remains stable. The construction equipments have 
to be repaired before reuse. 
Level 4 Life safety 
Significant damage to the structure has occurred. Some margin 
against either partial or total structural collapse remains. The 
gravity load bearing structural members are retained. No out of 
plan collapse of the walls. Permanent lateral deformation has 
occurred. The construction equipments have failed but do not 
collapse. The structure maintains stable. 
Level 5 
Collapse 
prevention 
The structure continues to support gravity loads but retains no 
margin against collapse Large permanent lateral deformation has 
occurred. The construction equipments may collapse. 
2.3 Performance objectives 
According to the importance of the building, the structural performance level of the tall buildings can be 
categorized as special protection level (level A), important protection level (level B) and standard 
protection level (level C). In view of different structural protection levels, the performance objectives in 
construction stage are shown in Figure 2. Due to the time-dependent properties of structural systems and 
material properties in construction stage, there are several critical structural states during the construction 
of the building. The performances of all the critical structural states should be thoroughly assessed and 
controlled. 
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Figure 2: Performance objectives for different action protection levels
3. CASE STUDY 
Located in Shanghai city, a 124 storey high super tall building is used as an example to show the 
application of the aforementioned construction phase performance assessment methodology. A typical 
structural system, namely the mega frame outrigger core wall structure system is applied for this building. 
The structural performance objectives of action protection level B are applied for the structural 
performance assessment during construction. 
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3.1. Structural system description 
The 124-storey tower with a crown features an outrigger lateral stability design with a rigid central core 
wall, eight super columns - two on each face - and secondary columns at the four corners (Figure 3). Six 
sets of outriggers are installed at zone 2, 4, 5, 6, 7 and 8 respectively. 8 sets of belt truss and radial truss 
systems are provided for all zones to stabilize and strengthen the mega frame. 
It is assumed that the core is constructed in prior to exterior frame, which is followed by the casting of 
external slab. The curtain wall is the last to be installed, lagging behind core about a third of total 
structural height. The speed of construction reduces from 8 days per floor for the lower floors to 4 days 
per floor for the upper floors gradually. Given the influence of member size, humidity and ratio of 
reinforcement, PCA code is adopted to estimate the shrinkage and creep strains in vertical members. 
Using equation (2), the maximum acceleration for the hazard level 2 (Table 1) could be calculated. The 
corresponding earthquake response spectrum can also be obtained (Figure 4). The basic wind pressure for 
a return period of 10 years is 0.4kN/m2. According to the Chinese code, the shape coefficient can be set as 
1.0, the damping ratio can be set as 4%, and the Strouhal number is set as 0.15.  
(a) Elevation view (b) Sectional view (c) Plan view of typical floor 
    Figure 3: Structural system
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Figure 4: Horizontal response spectrum for hazard level 2 
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Table 3: Performance criteria for deflection checking 
Storey drift 
Shear deformation for RC core 
Structure floor Crown 
1/500 1/300 1/2000 
The stability is also an important problem which has to be checked for super tall buildings. The stability 
of the super tall building is related with the gravity load and global stiffness. According to the Chinese 
code, the stiffness to gravity ratio should be no less than 1.4. The stiffness to gravity ratio is defined as: 
2
1
/
n
d i
i
EJ H G
 
§ ·
¨ ¸
© ¹
¦                                                                                                                                      (5) 
Where EJd is the nominal elastic lateral stiffness, H is the building height and Gi is the design value of the 
gravity load for the ith floor.  
3.2. Construction phase structural performance assessment 
Two 3D finite element models were analyzed. The first structural model simulates the case that all 
outriggers are installed (W/O case), and the second structural model simulates the case that no outrigger is 
installed (WO/O case). The varying structural system and material properties are considered in the 
analysis. The building periods results are shown in table 4, which shows that the first period could be 
reduced by 11.8% if all outriggers are installed. The influence of outriggers on the differential column 
shortening was also investigated. Figure 5 shows the differential column shortening curves of the 
structural model with and without the outriggers. It can be found that the outriggers can reduce the 
differential column shortening to some extent. The outriggers will attract high secondary forces by 
reducing the differential column shortening. 
Figure 6 shows the story drift under wind load. It can be seen that the building deflection will increase a 
lot and be over 1/500 if the outriggers are removed. Table 5 also shows the structural stability check 
results based on equation (6). It can be seen that the structural stability cannot satisfy the code 
requirements if all the outriggers are removed. However, to reduce the secondary internal forces in the 
outriggers caused by the differential column shortening, it is common practice that the lock-in of the 
outriggers be postponed. The stability requirements and the delayed outrigger lock-in requirements have 
to be carefully balanced to ensure the structural performance of the tower in the construction phase.  
Table 4: Structural periods of the tower with and without outriggers 
Modal shape W/O WO/O Difference 
X-dir translation 8.94 9.99 11.8% 
Y-dir translation 8.88 9.91 11.7% 
Rotational 4.71 4.71 0% 
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Figure 5: Differential column shortening   Figure 6: Story drifts under wind movements 
Table 5: Structural stability checking 
Cases W/O WO/O 
X-dir EJd/ (GH
2) 1.64 1.39 
Y-dir EJd/ (GH
2) 1.66 1.42 
EJd/ (GH
2) code limit 1.40 1.40 
Performance Stable Unstable 
3.3. Construction phase structural performance control 
The structural performance can be controlled during the construction phase by using appropriate 
construction sequence. For the mega frame outrigger core wall structure, the lock-in time of the outrigger 
can be optimized to reach better structural performance of the tower. 
The whole tower can be divided into 8 zones and the construction phase can then be divided into 8 
structural states accordingly. Each structural state is related with the structure which is composed of the 
structural parts from basement to the top of certain zone. The structural stability and stiffness results are 
listed in table 6 and figure 7. One can easily find that the stability and stiffness requirements cannot be 
satisfied without the outriggers (table 6, figure 6). However, due to the secondary force releasing 
requirements, the outriggers should be connected as late as possible. An optimized lock-in time can be 
determined by considering both the stability requirement and the secondary force releasing requirement. 
From table 6, one can find that the stability requirement can be satisfied until the construction of zone 8 
without all outriggers. From figure 7(a), however, it is shown that the story drift requirement cannot be 
satisfied for the zone 8 structural model without all outriggers. Thus the outriggers should be locked in 
when the construction of zone 7 is finished as shown in figure 7(b). 
Table 6: Structural stability checking (without outriggers) 
Structural state Tower completion Structural top-out Zone 8 Zone7 
X-dir 1.39 1.39 1.52  1.61  
Y-dir 1.42 1.42 1.55  1.65 
Performance Unstable Unstable Stable Stable  
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(a) completion of zone 8                                     (b) completion of zone7 
Figure 7: Storey drifts under wind load (without outriggers) 
4. CONCLUSIONS 
The performance based structural design methodology is applied in this study for the assessment and 
control of the super tall building during construction. The action levels are determined after a thorough 
investigation of many super tall buildings over 250m high. The performance levels and objectives for the 
super tall buildings during construction are then discussed.  
A typical super tall building in Shanghai is used as an example to illustrate the application of the 
proposed structural performance assessment method. The mega frame outrigger corewall structure is 
applied for this super tall building. It is illustrated that outrigger systems contribute a lot to the stiffness 
and stability of superstructure. Taken into consideration both the vertical and horizontal loads during 
construction, the optimized outrigger system lock-in time can be obtained. The results show that the 
proposed structural performance assessment method of super tall buildings during construction phase is 
feasible and effective. It is also found that the arrangement of the lock-ins of outriggers for different 
construction stages is the key measure to control the performance super tower during construction 
procedure. 
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